Saccade Reward Signals in Posterior Cingulate Cortex  by McCoy, Allison N et al.
Neuron, Vol. 40, 1031–1040, December 4, 2003, Copyright 2003 by Cell Press
Saccade Reward Signals in
Posterior Cingulate Cortex
brain areas that govern the planning and execution of
eye movements.
One question these observations raise is how reward
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1Department of Neurobiology expectations are updated as contingencies change. Learn-
ing theory suggests that the value of saccades couldDuke University Medical Center
Box 3209 be computed by comparing reward expectation with
reward outcome for a particular movement (RescorlaDurham, North Carolina 27710
2 Department of Biological Sciences and Wagner, 1972; Pearce and Hall, 1980), known for-
mally as reward prediction error. When applied to theCarnegie Mellon University
4400 5th Avenue nervous system, the function of reward prediction error
is to adaptively modify the synaptic weights associatedPittsburgh, Pennsylvania 15213
with behavioral alternatives, thus favoring the produc-
tion of behaviors with greater reward value (Sutton and
Barto, 1981; Schultz and Dickinson, 2000). DopamineSummary
neurons in the midbrain, which are excited by the deliv-
ery of unexpected rewards and inhibited by the absenceMovement selection depends on the outcome of prior
behavior. Posterior cingulate cortex (CGp) is strongly of expected rewards, are believed to encode reward
prediction error during learning (Schultz, 1998). Ulti-connected with both limbic and oculomotor circuitry,
and CGp neurons respond following saccades, sug- mately, reward evaluation signals must influence brain
areas that plan and execute movement in order for be-gesting a role in signaling the motivational outcome
of gaze shifts. To test this hypothesis, single CGp neu- havior to adapt to changing environments (Montague
and Berns, 2002).rons were studied in monkeys while they shifted gaze
to visual targets for liquid rewards that varied in size We hypothesize that posterior cingulate cortex (CGp)
carries signals appropriate for updating representationsor were delivered probabilistically. CGp neurons re-
sponded following saccades as well as following re- of saccade value found in brain areas involved in target
selection and saccade planning. Consistent with thisward delivery, and these responses were correlated
with reward size. CGp neurons also responded follow- notion, neurons in CGp are typically activated following
the onset of visually guided saccades (Olson et al.,ing the omission of predicted rewards. The timing of
CGp activation and its modulation by reward could 1996), suggesting an evaluative rather than generative
role in oculomotor behavior (Vogt et al., 1992). Otherprovide signals useful for updating representations of
expected saccade value. investigators have reported activity in the retrosplenial
portion of posterior cingulate cortex in rabbits during
associative learning (Gabriel et al., 1991, 1996). Anatomi-Introduction
cally, CGp is reciprocally interconnected with oculo-
motor brain areas, such as the frontal eye fields (More-Confronted with several behavioral options, both ani-
mals and humans select actions based on the expected craft et al., 1993), prefrontal cortex (Vogt and Pandya,
1987), medial parietal area 7m (Cavada and Goldman-value of each alternative (Arnauld and Nichole, 1562;
Bernouilli, 1738; Von Neumann and Morgenstern, 1944; Rakic, 1989; Pandya and Seltzer, 1982), and supplemen-
tary eye fields (Vogt and Pandya, 1987), as well as areasHerrnstein, 1961, 1997; Stephens and Krebs, 1986). Re-
cent research supports the idea that eye movements with reward-related activity, including anterior cingulate
cortex (Morecraft et al., 1993), orbitofrontal cortex (Ca-and the neural circuits underlying them also reflect ex-
pected value when extrinsic rewards are manipulated. vada et al., 2000), and the caudate nucleus (Baleydier
and Mauguiere, 1980; Pandya et al., 1981). These con-For example, Platt and Glimcher (1999) demonstrated
that the premotor activity of neurons in the lateral intra- nections provide potential sources for a confluence of
parietal area (LIP) reflects the probability and magnitude oculomotor and reward-related information in CGp.
of reward that can be expected from gaze shifts in a Taken together, both physiological and anatomical data
target choice task. Expected reward also modulates are consistent with a role for CGp in signaling the reward
presaccadic neuronal activity in the prefrontal cortex value of gaze shifts.
(Leon and Shadlen, 1999), supplementary eye fields To test this hypothesis, we studied the activity of
(Amador et al., 2000; Stuphorn et al., 2000), caudate single CGp neurons while monkeys performed eye
nucleus (Hikosaka et al., 1989a, 1989b, 1989c; Kawagoe movement tasks for liquid rewards that either varied in
et al., 1998; Lauwereyns et al., 2002a; Lauwereyns et size or were delivered probabilistically. We found that
al., 2002b; Takikawa et al., 2002), substantia nigra pars neurons in CGp responded following both saccades and
reticulata (Sato and Hikosaka, 2002), and superior colli- reward delivery, and these responses were modulated
culus (Ikeda and Hikosaka, 2003). These data demon- by reward size. The responses of CGp neurons following
strate that estimates of expected reward value inform reward delivery were also modulated by the omission
of a predicted reward. These data suggest that CGp
carries signals appropriate for updating representations*Correspondence: platt@neuro.duke.edu
3These authors contributed equally to this work. of saccade value.
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Figure 1. Behavioral Paradigm
Monkeys performed target choice (A) and single-target trials (B). Upper panels, trial events; lower panels, example reward schedules. In target
choice trials, the reward value associated with target 1 and target 2, as well as their ratio, varied between blocks of approximately 50 trials.
In single-target trials, reward size was held constant for a block of approximately 50 trials and varied between blocks (experiment 1) or held
constant and delivered probabilistically on 80% of correct trials (experiment 2).
Results monkeys nearly exclusively chose the target associated
with the larger of the two rewards (Figure 2C).
During subsequent neurophysiological recording ex-Behavioral Correlates of Changes in Reward
We first determined the behavioral sensitivity of mon- periments, monkeys performed single-target trials (Fig-
ure 1B) guided by visual targets fixed within the responsekeys to reward using a choice task in which differential
reinforcement was delivered for gaze shifts made to field of each neuron under study. We reasoned that the
reward value of a single eye movement should be repre-either of two targets (Figure 1A). The reward associated
with each target was held constant within a block of sented in the brain in order for animals to choose whether
or not to make the required movement on these trials50 trials and then varied between blocks. Data were
collected for 29 target value ratios from two well-trained (cf. De Villiers and Herrnstein, 1976; Leon and Shadlen,
1999), as well as for comparison with the value of othermonkeys over a period of 8 weeks. Monkeys were exqui-
sitely sensitive to differential reinforcement, almost ex- movements during target choice. Using single-target
trials permitted us to systematically vary reward sizeclusively choosing the target associated with greater
reward (Figure 2A) even when the reward values offered between blocks of approximately 50 trials, while the
amplitude and direction of the required movement wereby the alternate movements differed by just 10 ms open
solenoid time (corresponding to approximately 0.01 ml held roughly constant. Even on this simpler task, the
oculomotor behavior of both our monkeys was sensitiveof juice). The data for both animals were well fit by
cumulative normal functions (Figure 2A, monkey “Niko,” to reward size. The slope of the line relating peak sac-
cade velocity to saccade amplitude (the main sequence)r2  0.970; Figure 2B, monkey “Broom,” r2  0.976).
Within ten trials of a change in reward contingencies, decreased with increasing reward size for both mon-
Figure 2. Monkey Eye Movements Are Sensitive to Reward Size
Proportion of trials for which target 1 was chosen as a function of the relative value of that target for monkey Niko (A) and monkey Broom
(B). Solid lines indicate cumulative normal functions fit to the data. (C) Behavior stabilized to near exclusive choice of the higher reward within
approximately ten correct trials of a block.
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Figure 3. Single CGp Cells Are Sensitive to
Reward Size following Saccade Onset and
Reward Delivery
Black lines and symbols, highest reward tri-
als; gray lines and symbols, lowest reward
trials. PSTHs are aligned on movement onset
(A and B) and reward offset (C and D). Rasters
indicate action potentials on first 20 trials of
high and low reward blocks. Light gray
shaded boxes indicate temporal epoch ana-
lyzed in detail on right: 200–400 ms after
movement onset (A); 0–200 ms after move-
ment onset (B); 200–400 ms after reward off-
set (C and D). Bar graphs, mean  SEM.
keys (multiple regression correlation coefficients, mon- In some neurons, firing rate following movement in-
creased linearly with reward size (Figure 3A, r  0.238,key Broom, rsaccade amplitude  0.655, p  0.001, rreward size 
0.034, p  0.001; monkey Niko, rsaccade amplitude  0.585, n  429 trials, p  0.001), while in other CGp neurons
firing rate following movement decreased linearly asp 0.001, rreward size 0.064, p 0.001). These data
demonstrate that saccade value influenced the behavior reward size increased (e.g., Figure 3B; r  0.380, n 
252 trials, p  0.001).of our monkeys on single-target trials as well as choice
trials. Reward size also modulated the activity of CGp neu-
rons following reward delivery (Figures 3C and 3D). The
post-reward activity of these neurons was significantlyActivity of Single CGp Neurons Is Modulated
by Saccade Value modulated by reward size with positive (Figure 3C, right
panel; r  0.270, n  500 trials, p  0.001) or negativeWe next asked whether the responses of single neurons
in CGp might also be sensitive to reward. To address (Figure 3D, right panel; r  0.470, n 258 trials, p 
0.001) correlations. Because blocks of different rewardthis question, we studied the activity of 91 CGp neurons
from two monkeys (32 from monkey Niko and 59 from sizes were randomly interleaved, the systematic effect
of reward size on firing rate cannot be explained bymonkey Broom) while manipulating reward contingen-
cies. In experiment 1, reward size was systematically fluctuations in the overall firing rate of neurons over time.
varied between blocks of single-target trials. Data for
four individual neurons are shown in Figure 3, exempli- Reward Modulation Peaks following Saccade
Onset and Reward Deliveryfying the most common reward-related modulations ob-
served. Single neurons were found to be sensitive to Consistent with a previous study (Olson et al., 1996),
many CGp neurons in our population responded in areward size following movement (cf. Figures 3A and 3B).
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Figure 4. Reward Modulation of Neuronal Activity in CGp following
Saccade Onset and Reward Delivery
The percentage of cells with a significant independent correlation
between firing rate and reward size, saccade latency, saccade am-
plitude, and peak saccade velocity was defined by a multiple linear
regression p value  0.05 in each of 11 different epochs.
spatially selective manner following movement onset
Figure 5. The CGp Population Reflects both Positive and Negative(56/91 neurons, 62%). These responses were broadly
Correlations with Reward Size after Movement and Reward Delivery
tuned and generally selective for contraversive eye
Average normalized firing rate was plotted as a function of reward
movements. CGp neurons were also activated following size during the epoch 200–400 ms following movement onset (A) and
target onset and following reward delivery. When reward 200–400 ms following reward offset (B). Bar graphs, mean  SEM.
size was varied between blocks of single-target trials,
we found that the activity of many CGp neurons was
systematically modulated by reward size. Because the neurons carry information about the reward value, as
well as the amplitude and velocity, of saccades.metrics of the saccades made by our monkeys on single-
target trials also varied with reward size, we used multi- The preceding analysis revealed that the activity of
many CGp neurons is correlated with reward size butple regression analysis to quantify the effects of reward
size on neuronal activity across the CGp population. does not provide an estimate of the magnitude of reward
modulation across the CGp population. Because theSaccade amplitude, peak velocity, and latency, as well
as reward size, were included as independent factors responses of single CGp neurons (see Figure 3) were
either positively or negatively correlated with rewardin these analyses for each neuron. Figure 4 plots the
percentage of studied neurons with a significant inde- size, we first segregated neurons according to their di-
rection of reward correlation before examining the popu-pendent correlation between firing rate and each of
these factors as a function of time (p 0.05). The graph lation response to changes in reward size. Normalized
firing rate (see Experimental Procedures) was plotted asreveals two peaks in reward correlation—following sac-
cade onset and following reward delivery—during which a function of reward size (categorized as small, medium,
and large; see Experimental Procedures) for the twoapproximately 1/3 of the population showed systematic
modulation of firing rate by reward size. Similar propor- epochs of peak reward modulation for the population:
200–400 ms after movement onset (Figure 5A) and 200–tions of reward-modulated neurons were present in each
monkey (200–400 ms post-movement: 15/46 from mon- 400 ms after the end of reward delivery (Figure 5B).
Following movement onset, neuronal activity was signif-key Broom and 8/23 from monkey Niko; 200–400 ms
post-reward epoch: 12/46 from monkey Broom and 6/23 icantly modulated by reward for both positively (Figure
5A, left; r  0.191, n  155, p  0.01) and negativelyfrom Niko). These peaks were comprised of largely non-
overlapping populations of CGp neurons, with only correlated cells (Figure 5A, right; r  0.187, n  174,
p  0.015). Following the end of reward delivery, theabout 1/3 (17/53) of neurons with a significant correlation
between reward size and firing rate in the 600 ms follow- relationship between neuronal activity and reward size
was also significant for positively (Figure 5B, left; r ing movement onset also showing significant reward
modulation in activity in the 600 ms following reward 0.180; n  188; p  0.015) and negatively correlated
cells (Figure 5B, right; r  0.226; n  141; p  0.01).offset. The activity of CGp neurons was also correlated
with the peak velocity (16/69) or amplitude (10/69) of This analysis demonstrates that both post-movement
and post-reward activity in the CGp population wasthe required eye movement during the post-movement
epoch. Few neurons, however, were modulated follow- modulated by about 50% following the maximal changes
in reward size used in this experiment.ing reward delivery by the amplitude or peak velocity of
the preceding movement, or by saccade latency at any We next asked whether the responses of CGp neurons
following movement (excitation or suppression) pre-point during trials. These data demonstrate that CGp
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sistent with this idea, casual testing with juice rewards
delivered unpredictably outside of the experimental
context evoked responses from many CGp neurons. To
test this idea quantitatively, we studied 36 single CGp
neurons (17 from monkey Broom and 19 from monkey
Niko) while reward was delivered probabilistically (ex-
periment 2). Monkeys performed single-target trials for
a variable reward ratio of 0.8, meaning that, on average,
80% of correct trials were reinforced with both a sound
and liquid reward (rewarded trials), and 20% of correct
trials were reinforced with a sound but no juice (unre-
warded trials). The relatively low frequency of unre-
warded trials allowed them to serve as “catch” trials for
which a predicted reward was unexpectedly omitted.
The behavior of both monkeys was sensitive to the omis-
sion of predicted rewards. Peak saccade velocity as a
function of saccade amplitude (the main sequence) was
Figure 6. Reward Size Enhances the Gain of CGp Responses fol- higher on trials following reward omission than following
lowing Saccade Onset
the predictable delivery of reward (multiple regression
The correlation coefficient between firing rate and reward size for
correlation coefficients, monkey Broom, rsaccade amplitude each cell was plotted as a function of movement response index
0.658, p 0.001; rreward/no reward 0.028, p 0.05; mon-(see Experimental Procedures), a logarithmically scaled measure of
key Niko, rsaccade amplitude 0.857, p 0.001, rreward/no rewardthe degree to which each cell was excited or inhibited after move-
ment relative to fixation level activity. Note: two outliers were re- 0.021, p  0.08; both monkeys, rsaccade amplitude  0.709,
moved from this analysis. p  0.001, rreward/no reward  0.026, p  0.01).
The activity of single CGp neurons was also sensitive
to the omission of predicted rewards (see Figures 7A
dicted the magnitude and sign of reward correlation and 7B). In the first example, firing rate was significantly
during the same time period. To quantify this, we calcu- elevated following the omission of a predicted reward
lated a logarithmically scaled movement response index (Figure 7A), while in the second example, firing rate was
(see Experimental Procedures) and plotted the reward significantly depressed in the same time period (Figure
correlation for each cell as a function of this measure 7B). For 21/36 neurons studied in this experiment (13/
(Figure 6). There was a significant relationship between 17 from monkey Broom and 8/19 from monkey Niko),
movement response index and the direction and strength firing rate was significantly different on unrewarded and
of reward modulation (linear regression, r  0.318, n  rewarded trials in the periods either 400–600 ms or 600–
67, p 0.01). Specifically, cells that increased their firing 800 ms after the normal time of reward delivery (t test,
rate following movement were excited when relatively p  0.05). Across the population of studied neurons
large rewards could be expected, and, conversely, cells (Figure 7C), normalized firing rate during these epochs
that were inhibited after movement were further inhib- was significantly greater when predicted rewards were
ited under the same conditions. This finding suggests withheld (400–600 ms post-reward: F  17.653, df  1,
that increasing the reward size associated with gaze p  0.001; 600–800 ms post-reward: F  7.902, df  1,
p  0.005). CGp modulation may thus signal the omis-shifts augments the gain of CGp neuronal responses
sion of a predicted reward as well as the reward valuefollowing movement.
associated with gaze shifts.In summary, one third of studied neurons were sensi-
Intriguingly, the pre-movement activity of many CGptive to reward size following movement and following
neurons was modulated by the omission of a predictedreward delivery. The average neuronal activity of the
reward on the previous trial. For 11/36 neurons, neuronalCGp population during both the post-movement and
activity during fixation, following target presentation, orpost-reward epochs was systematically modulated by
prior to saccade onset was significantly modulated fol-reward size and consisted of both positive and negative
lowing trials in which predicted rewards were withheldreward correlations. Moreover, increases in reward size
(t test, p  0.05). Only five neurons would be expectedappeared to increase the gain of movement-related neu-
to show this effect based on chance. Roughly half theseronal activity. We speculate that the modulation of CGp
modulations were positive and half were negative, con-neural activity following movement reflects the pre-
sistent with the mixture of excitatory and inhibitory influ-dicted value of the saccade, while the modulation of
ences of reward on CGp neuronal activity in experimentCGp neural activity following reward delivery signals its
1. Across the population of studied cells, neuronal re-actual value.
sponses to the illumination of the visual target were
greater following unrewarded than rewarded trials when
CGp Neurons Signal an Omission corrected for differences in firing rate between neurons
of Predicted Reward (two-factor ANOVA, Freward  5.454, df  1, p  0.02;
If CGp neurons carry signals related to reward prediction Fneuron  79.94, df  35, p  0.001; Finteraction  1.24, df 
and reward outcome associated with saccades, as the 35, p  0.15). These data suggest that the outcomes of
data from experiment 1 suggest, then one might also previous trials influence the activity of CGp neurons on
expect to find a change in the activity of CGp neurons subsequent trials. Such signals could contribute to the
behavioral changes that follow the omission of predictedwhen reward contingencies violate expectations. Con-
Neuron
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Figure 7. Neuronal Activity in CGp Is Modulated by the Omission
of Predicted Rewards
(A) and (B) show PSTHs aligned on reward offset for two individual
CGp neurons. Black lines and symbols, rewarded trials; gray lines
and symbols, unrewarded trials. Rasters indicate action potentials Figure 8. Modulations in Neuronal Activity by Reward Size Do Not
on first 20 rewarded and unrewarded trials. Light gray shaded boxes Predict Modulations following Reward Omission
indicate temporal epoch analyzed for population in (C) (400–600 ms Experiments 1 and 2 were conducted successively while recording
following reward delivery). Bar graph, mean  SEM. from individual neurons (n  14). (A)–(C) show the results of both
experiments for three example CGp neurons ([A and C], monkey
Broom; [B], monkey Niko). Firing rate was analyzed as a function
of reward size (left) or the delivery or omission of reward (right)rewards. These observations are consistent with the
during the following epochs: 400–800 ms after reward delivery (A),
hypothesis that signals carried by CGp could be used 200–600 ms after reward delivery (B), and 400–600 ms after reward
to update representations of saccade value. delivery (C). Bar graphs, mean  SEM.
Because reward omission is in essence a reward size
of 0 ml, the change in CGp neuronal activity following
reward omission may simply signal a relative change in signals related to the value and unexpected omission
reward size, as demonstrated in experiment 1. To test of reward associated with saccades.
this possibility, 14 CGp neurons were studied in both
experiments 1 and 2. The data for three of these cells Discussion
are shown in Figure 8. The relationship between firing
rate and reward size predicted the response to reward In summary, we found that reward size influenced the
omission for only one of these three neurons (Figure oculomotor behavior of monkeys, including the distribu-
8B). Across all 14 neurons studied in both experiments, tion of gaze shifts on target choice trials and movement
11 showed a significant relationship between firing rate metrics on single-target trials. Single CGp neurons were
and reward size, 9 were significantly modulated by the also sensitive to reward contingencies. The activity of
omission of a predicted reward, and 8 were significantly approximately 1/3 of the CGp population was signifi-
modulated by both reward size and reward omission. cantly modulated by reward size following movement
For half of these neurons (4/8), the response to reward onset as well as following reward delivery in an excit-
omission was in the opposite direction from the cell’s atory or inhibitory fashion. In addition, CGp neurons
response to manipulations of reward size (e.g., cells that were activated when a predicted reward was withheld,
responded preferentially for large rewards fired more and these activations were time locked to when reward
strongly on unrewarded trials and vice versa; c.f. Figures would normally have been delivered. Taken together,
these data suggest that CGp signals both the predicted8A and 8C). These data suggest that CGp carries distinct
Reward Signals in Posterior Cingulate Cortex
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and actual value of gaze shifts, as well a discrepancy Anterior cingulate cortex (CGa) has also been im-
plicated in the processing of reward expectation andbetween them.
error recognition. In a study of timing behavior in pri-
mates, Niki and Watanabe (1979) described two kindsRelationship to Reward Prediction Error Signals
of “reward-error units” within CGa: one kind of neuronin the Midbrain
responded after juice delivery, while the other kind re-The modulation of neuronal activity in CGp by reward
sponded following incorrect trials and also following thedescribed here is reminiscent of the reward prediction
omission of reward on correct trials. These responseerror signals carried by dopaminergic neurons in the
patterns of CGa neurons bear striking similarity to themidbrain (Fiorillo et al., 2003; Schultz, 1998). Reinforce-
CGp responses reported here. Single cells in CGa havement learning theory proposes that both the prediction
also been found to encode the degree of reward expec-and the actual outcome of reward must be compared
tancy on a color discrimination task with a cued multitrialin order for a reward prediction error to be calculated
reward schedule (Shidara and Richmond, 2002). In aand learning to occur (Rescorla and Wagner, 1972; Sut-
part of CGa with activity related to limb movementston and Barto, 1981). Reward prediction error for sac-
known as the rostral cingulate motor area, or CMAr,cades could be computed from a comparison of CGp
Shima and Tanji (1998) found neurons that respondedneural activity following movement and reward delivery.
specifically when a change in expected reward—but notMoreover, the modulation of CGp activity following the
a neutral cue—prompted monkeys to switch manualomission of a predicted reward occurred with a similar
responses. Furthermore, CMAr inactivation by musci-time course to the depression of midbrain dopamine
mol injection resulted in a failure of the monkeys toneurons when a predicted reward is withheld (Schultz,
select the alternate movement in response to a reward1998), suggesting that this pattern of activity in CGp
decrement. These data suggest a direct role for CMArreflects an error in reward prediction. This hypothesis
in guiding limb choices based upon reward value andis supported by the observation that CGp neurons also
for CGa more generally in linking reward to behavior.responded following reward delivery during casual test-
Evidence for robust reciprocal connections betweening with unpredicted rewards delivered outside of the
the amygdala and anterior cingulate cortex (CGa) ledexperimental context. Whether this error signal is spe-
Vogt and colleagues to posit that CGa serves an “execu-cific to the selection of eye movements or whether CGp
tive” or affect-processing role while CGp serves a non-is involved more generally in computations of reward
affective or “evaluative” function (Vogt et al., 1992). Invalue remains to be determined.
a previous study, however, Olson and colleagues (1996)CGp neurons were found to be either excited or inhib-
found no evidence for reward-related signals in CGp, inited by the omission of a predicted reward. In contrast,
contrast with the present findings. One possibility formidbrain dopamine neurons are reliably inhibited when
this discrepancy is that the investigators conducted aan expected reward is withheld and excited when an
broad survey of oculomotor-related responses in CGpunexpected reward is received (Schultz and Dickinson,
and did not quantitatively assess reward-related ac-2000). While the directional responses of dopamine neu-
tivity.rons could act as the error term in some models of
The signals we show here are similar to those reportedassociative learning (Rescorla and Wagner, 1972; Sutton
previously in CGa. The strong connections between CGaand Barto, 1981), our data are more easily reconciled
and CGp in rodents (Finch et al., 1984; Vogt and Miller,with an attentional account of learning, in which both
1983), cats (Musil and Olson, 1988), and primates (Baley-omitted and unpredicted rewards induce changes in
dier and Mauguiere, 1980; Vogt and Pandya, 1987), asneuronal activity in the same direction, thereby high-
well as direct projections to areas 29 and 30 of CGplighting associated stimuli and events as important for
from the amygdala recently demonstrated in primateslearning (Mackintosh, 1974; Pearce and Hall, 1980). Uni-
(Buckwalter et al., 2002, Soc. Neurosci., abstract) sug-directional hemodynamic responses related to reward
gest that the functions of CGa and CGp are less distinctprediction error have also been found in the human
than previously supposed. We suggest here a role forventral striatum with neuroimaging techniques (Pagnoni
CGp, much like CGa (Shima and Tanji, 1998), in couplinget al., 2002), suggesting that signals in cingulate cortex
voluntary actions to underlying motivation, with CGpand ventral striatum are functionally related.
serving this function for oculomotor behavior.
Relationship to Reward Signals in Other
Brain Areas Contribution of CGp to Gaze Control
Recent evidence suggests that the activity of neuronsNeurons in orbitofrontal cortex (OFC) also appear to
process the motivational value of voluntary behavior. in substantia nigra pars reticulata (SNr) is modulated by
both target probability (Basso and Wurtz, 2002) andThe activity of OFC neurons has been found to increase
in response to reward-predicting signals, during expec- reward (Sato and Hikosaka, 2002). The activity of SNr
neurons has been shown to have a tonic inhibitory func-tation of rewards, and after the receipt of rewards. More-
over, the responses of OFC neurons reflect animals’ tion on the superior colliculus: a pause in SNr activity
releases the superior colliculus from inhibition and per-relative preferences among available rewards (Tremblay
and Schultz, 1999). Reward expectation signals in OFC mits an eye movement to occur (Hikosaka et al., 1989a,
1989b, 1989c). The SNr, in turn, is under inhibitory con-also adapt in parallel to behavioral correlates of reward
expectation, consistent with a role for this area in learn- trol by the caudate nucleus, a structure recently demon-
strated to be sensitive to reward contingencies (Kawagoeing reward contingencies (Tremblay and Schultz, 2000).
Neuron
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Behavioral Techniqueset al., 1998; Lauwereyns et al., 2002a, 2002b; Takikawa
Horizontal and vertical eye position signals were sampled at 500 Hzet al., 2002). CGp, through its efferent connections to
(Riverbend Instruments) and recorded by computer. Visual stimulicaudate, might directly influence SNr activity during tar-
consisted of light-emitting diodes, or LEDs (LEDtronics), which were
get selection, thereby biasing the superior colliculus to illuminated to appear yellow to normal human observers. The LEDs
generate gaze shifts associated with greater reward. were fixed on a tangent screen placed 144.78 cm (57 inches) from
the eyes of the animal, forming a grid of points separated by 1,Clinical evidence also supports a role for CGp in re-
spanning 49 horizontally and 41 vertically. The computer systemward-based behavioral learning, particularly with re-
controlling the experiments could illuminate these LEDs with a tem-spect to visual orienting. CGp dysfunction has been
poral precision of 1 ms and extinguish them with a precision of 7 ms.implicated in a variety of mental illnesses associated
Single-target trials were used to assess the spatial tuning and
with maladaptive behavior, including schizophrenia, ob- reward-related properties of CGp neurons (see Figure 1B). Each trial
sessive-compulsive disorder, and Alzheimer’s disease began with the illumination of a central yellow LED that monkeys
were required to fixate within 1 s. Two hundred to 800 ms after gaze(Minoshima et al., 1994). The first manifestations of Alz-
was aligned within 1–2 of the fixation stimulus, a single eccentricheimer’s disease, learning and memory impairment,
yellow LED was illuminated. Following a 200–800 ms delay, thehave been linked to a 20% decrease in the metabolic
fixation stimulus was extinguished, instructing the monkey to shiftactivity of CGp (Minoshima et al., 1997). An unusual
gaze to the target (3–5) within 350 ms. After gaze was maintained
variant of Alzheimer’s disease, posterior cortical atrophy within the target error window for 500 ms, monkeys were rewarded
(or PCA), is characterized by optic ataxia and distur- with a white noise burst lasting 300 ms followed by the delivery of
juice. In single-target trials for which reward size was varied bybances of visual attention (Braak et al., 1996; Fletcher,
block (Figure 1B, lower panel), a noise burst and juice reward (50–4501994; Hof et al., 1993, 1997). In light of our results, these
ms) were delivered for all correct trials. In single-target trials forsymptoms suggest a disruption in the link between moti-
which reward was varied probabilistically, a noise burst occurredvational and visuospatial information in patients with
in all correct trials, but juice was delivered for 150 ms on an average
PCA. Further study of reward representation in CGp may of 80% of correct trials.
improve understanding of PCA and other neuropsychi- Target choice trials were used to investigate monkeys’ sensitivity
to liquid rewards (see Figure 1A). Each trial began with the illumina-atric disorders.
tion of a central yellow LED that subjects were required to fixate
within 1 s. Two hundred to 800 ms after gaze was aligned within
1–2 of the fixation stimulus, two eccentric yellow LEDs were illumi-Conclusions
nated that were displaced by equal distances and opposite direc-We provide evidence for the modulation of neural activ-
tions from the fixation stimulus. Following a 200–800 ms delay, theity in CGp by reward size and the omission of predicted
fixation stimulus was extinguished, instructing the monkey to shift
rewards. Based on these data, we conclude that CGp gaze to either target (3–5) within 350 ms. After gaze was main-
neurons signal both the expected and actual reward tained within the target error window for 500 ms, a noise burst was
outcome associated with gaze shifts. Such signals may sounded for 300 ms and juice was delivered.
Behavioral data sets were collected over a period of 8 weeksdirectly influence where animals and humans choose
from two monkeys prior to chamber placement and physiologicalto look.
recording. These experiments were comprised of 90% target choice
trials and 10% single-target trials guided by either of the two targets
Experimental Procedures from the choice trials. On target choice trials, the sum of the reward
from the two target options was constrained to be 300 ms of open
Two male rhesus macaques (Macaca mulatta) served as subjects solenoid time, but the ratio of rewards associated with movements
in these experiments. All procedures were approved by the Duke to targets T1 and T2 was varied randomly between blocks of 50 to
University Institutional Animal Care and Use Committee and were 100 trials from 29:1 to 1:29 (see Figure 1B, right).
designed and conducted in compliance with the Public Health Ser-
vice’s Guide for the Care and Use of Animals.
Microelectrode Recording Techniques
Electrophysiological recordings were conducted using standard
techniques described in detail elsewhere (Platt and Glimcher, 1997).Surgical and Training Procedures
In an initial sterile surgical procedure performed under isoflurane Single electrodes were lowered under physiological guidance, first
passing through tissue containing neurons with activity related toinhalant anesthesia, a head restraint prosthesis and scleral search
coil (Fuchs and Robinson, 1966) were implanted using standard somatosensation of the hindlimb or tail. We identified CGp physio-
logically by a silence in neural activity for 1–2 mm as the electrodetechniques described in detail elsewhere (Platt and Glimcher, 1997).
Animals received postoperative analgesics for 3 days and antibiotic penetrated the cingulate sulcus prior to reaching CGp. Electrodes
were advanced until the waveform of a single neuron was isolated.prophylaxis for 10 days.
After a 6 week recovery period, animals were habituated to head Individual action potentials were identified in hardware by time and
amplitude criteria (BAK Electronics) and recorded by computer withrestraint and then trained to perform oculomotor tasks for fruit juice
rewards using the Gramalkn Experiment Control system (supported a resolution of 25 KHz.
Neuronal activity was recorded during 100 to 400 single-targetby ryklinsoftware.com). The size of liquid reward was controlled by
the open time of a computer-driven solenoid (0–450 ms). A 300 ms mapping trials to assess the visual and saccade-related spatial tun-
ing of each neuron. During these trials, the fixation stimulus waswhite noise burst preceding juice delivery served as a secondary
reinforcer, or conditioned stimulus, on all correct trials. located at the center of the LED panel, while the location of the
eccentric target varied randomly from trial to trial within a 36 gridA second sterile surgical procedure was performed once animals
could reliably execute all the behavioral tasks used in the study. A of LEDs spaced at 4 intervals. Mapping trials were used to select
a single canonical target location fixed inside the neuron’s responsestainless steel cylindrical chamber (Crist Instruments) was posi-
tioned stereotaxically perpendicular to the horizontal plane over a field for subsequent experiments. Once a single target location was
determined, the size of reward was varied in a blocked fashion15 mm craniotomy centered at the intersection of the midsaggital
and interaural planes (Olson et al., 1996). The chamber was kept (experiment 1) and/or reward was delivered probabilistically (experi-
ment 2). Following some recording sessions, we confirmed the loca-sterile with regular antibiotic washes and sealed with replaceable
sterile caps (Crist Instruments). Postoperatively, animals received tion of the electrode using a hand-held digital ultrasound device
(Sonosite 180) placed against the recording chamber (Glimcher etanalgesics for 3 days and antibiotics for 10 days. Single-cell re-
cording experiments began after a 1 week postoperative period. al., 2001).
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